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Seam-free fabrication of submicrometer copper interconnects
by iodine-catalyzed chemical vapor deposition
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Kinetic parameters from studies of deposition on planar deposits are used to predict superconformal
filling of fine features during iodine-catalyzed chemical vapor deposition. The mechanism behind
the superconformal filling is described and the metrology required to predict it is identified and
quantified. The dominant effect is the change in coverage of adsorbed catalyst with the surface area
during interface evolution. Experimental filling results are described and are shown to be consistent
with the predictions. An associated effect on surface roughness of planar deposits is also described.
© 2003 American Institute of Physic§DOI: 10.1063/1.1532931

I. INTRODUCTION mm Apex model Cruise-200M reacttthe inclusion of prod-

uct names is done only for completeness of the

description and does not imply NIST endorsemehhe cop-

per was deposited using a @uhexafluoroacetylacetonate-
inyltrimethylsilane, (hfagCu(vtms) precursor(Cupra Se-
ect™2504 that was vaporized and introduced into the

reactor using a Bronhorst liquid source delivery system with

H, as the carrier gas. The precursor’s consumption rate was

0.5 cn?/min unless otherwise indicated.

Superconformal filling during iodine-catalyzed chemical
vapor deposition (CVD) in vias has recently been
described It is generally recognized that the likely mecha-
nism for this is the local increase of coverage of adsorbe
iodine catalyst at the bottom of the fine features due to
decrease in area during growht In fact, predictions of
superconformal filling during surfactant-catalyzed CVD
were made by one grouPA curvature enhanced accelerator
coveragg CEAC) based model, which includes the impact of
changing surface area on the local coverage of adsorbed
catalyst, was used for the modeling. The kinetics used cam®@. Studies with planar substrates
from studies of iodine-catalyzed deposition on planar  paa on the impact of adsorbed iodine on planar deposits
substrate§.However, predictions and experiments were notig given in Table | and Fig. 2. According to atomic force
compared because information necessary for a quantitatigicroscopy, the iodine adsorbed during a 10 s exposure prior
comparison was not included with the published experiment, metal deposition decreases the surface roughness signifi-
tal results®?*® This work describes additional experiments cantly (Table |). This effect has been noted previouly)-
that include all necessary information for quantitative mOd'cIuding resultiﬁg for a GHs| iodine precursor:® The speci-
eling. The results of modeling and experiment are then premen 4150 becomes more textured based on a decrease of the

sented and compared. full width at half maximum of rocking curves around the
copper(111) x-ray diffraction peak(Table ). These effects

Il. EXPERIMENTS occur along with an increase in the copper deposition rate,

A. Specimen preparation which increases monotonically with the coverage of ad-

) ] sorbed iodine(exposure timg as well as the temperature

Specimens were prepared from planar and lithographirgig 25)]. For the conditions used here, transport limited
cally patterned 200 mm silicon substrates. ATIN bar#@0  jeposition is evident at higher coverage and temperature.
nm thick and a copper seee25 nm thick, both deposited by  The geposition rates were determined from the deposit thick-
conventional CVD, were used as the patterned specimen§ess obtained by cross-section scanning electron microscopy

For catalyzed CVD, iodine was adsorbed on the specime(SEM) and/or transmission electron microscoEM), and
surface by bubbling carrier gas through &}at 80 °C then 1, deposition time.

over the substrates at 150 °C for a specified amount of time. 5 anitative prediction of superconformal feature filling
The iodine coverage obtained was determined from total rézeqy)ires the explicit dependence of the metal deposition rate
flection x-ray fluorescence€lXRF) studies with unpatterned o, the jodine coverage. The data at 150 °C are replotted ver-
specimens. Figure 1 shows the measured dependence of tigs the iodine coverad€ig. 2(b)]; the linear increase of the
iodine coverage on the exposure time. Both the iodine adgensition rate with iodine coverage is consistent with inter-
sorption and the copper metal deposits were made in @ 200 ¢ kinetics limited deposition. The coverage, obtained us-
ing the relationship between exposure time and adsorbed io-
dElectronic mail: daniel.josell@nist.gov dine in Fig. 1, is expressed in terms of the fracti@rof
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FIG. 1. Dependence of the iodine coverage obtained as a function of the o 05
amount of time the planar substrates were exposed to thé,Qirecursor = (b)
vapor (bubbling temperature 80 9Qvith substrate temperatures of 150 °C. g 0.4 |
A linear fit is shown. G ’
® 0.3
|
c
estimated saturation coverage 2.80 ° mol/cn?, "~ which 802
is equal to 30% of the total copper sites orfld1) copper 2 01
surface. 2
Q o :
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C. Studies with patterned substrates . )
Fractional lodine Coverage 0

For all filling experiments, an initial iodine surface cov-

erage Ofgoz 0.05 is anticipated for the 30 s iodine adsorp- FIG. 2. (a) Dependence of the copper deposition r@te a log scalgon the

. . . . emperature as well as on iodine exposuéeO, B 10, andA 30 s iodine
tion step used prior to metal deposmon. Flgure 3 shows théxposuréz Lines are only intended to guide the eyb) The copper depo-

filling sequence of l1um high, aspect ratio 4(height/ sition rate for substrate temperature of 150 °C increases linearly with the
diametey vias at 120 °C. The catalyst adsorbed inside the vidodine coveragéfit shown.

has induced filling from bottom to tosuperconformaldur-
ing copper CVD. lodine catalyst adsorbed on the field aboveonsistent with copper precursor depletion down the trench
the via was removed prior to copper deposition using dhat arises from transport limited depositipas per Fig.
“soft” plasma treatment® the impact on iodine coverage 2(a].

within the features is not known. Figure 4 shows different

aspects of superconformal filling ef1 um deep trenches at lll. MODELING FEATURE FILLING

150 °C: initially conformal depositiof60 9, the inception of ~ A. Model

superconformal filling at the bottom cornd&b0 9, and the

overfil bgmp(420 9. Iogine from the ﬁeld. above the trench based formalism published in Ref. 3. The dependence of the
was again removed using a plasma. An increase from 150 t%etal deposition rate, i.e., velocity, on the local coverage

170°C, coupled with an increase in aspect ratio from 3 to S
3.5, results in a shift from superconfornj&lg. 5(a)] to sub- of adsorbed iodin@ is expressed as
conformal[Fig. 5b)] filling of the trenches. The thicker de-

posits toward the top of the specimen filled at 170°C are

Modeling of the interface evolution is done using CEAC

60 s 90 s 180s 300 s

TABLE I. Root-mean-squaréms) roughness and peak to vallapaximum
height minus minimum heightboth obtained using a scanning force micro-
scope over a Gumx5 um region near the centers of 200 mm wafers.
Similar results were obtained at the edges of the wafers. The FWHM data
are from x-ray diffraction rocking curves obtained for the(Cli) peak. The

10 s iodine exposure time corresponds to iodine coverage of approximately
5% 1072 mol/cn?. In each case, copper was deposited for 5 min at the
indicated precursor consumption rates with the substrate at 170 °C.

lodine pre-exposure, rms Peak to
copper precursor flow roughness valley FWHM 1 um
rate (nm) (nm) (deg
FIG. 3. Filling sequence for km high, 0.25um wide vias. The bottom-
No iodine, 0.3 crimin 16.3 103 7.76 to-top filling characteristic of the superconformal filling process is evident.
10 s iodine, 0.3 criimin 11.9 67 7.01 Deposition temperature of 120 °C and iodine coverage ok 1@ ! mol/
No iodine, 0.5 crimin 14.3 103 7.54 cn? (corresponding t@,~0.05) based on 30 s exposure to {LHorecursor
10 s iodine, 0.5 criimin 10.0 67 6.44 vapor like in Fig. 1. The barrier layer and copper seed layer are 30 and 25

nm thick, respectively.

Downloaded 28 Jan 2003 to 129.6.196.21. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



J. Appl. Phys., Vol. 93, No. 2, 15 January 2003 Pyo et al. 1259

FIG. 5. Experimental dependence of trench filling on the temperatare.
Filling is superconformal for trenches with aspect ratio of 3 filled at 150 °C.
(b) Filling is conformal for trenches with aspect ratio of 3.5 at 170 °C. The
trenches are um deep. In both cases, the iodine coverage is<1@ *
mol/cn? (corresponding t@y~0.05) based on 30 s exposure to the,GH
precursor vapor like in Fig. 1.

1 1
U(0,T):01 GX%—769<T_ ES + 07 exp

3001 2 =
- T 423

will be used for modeling. Equatio() converts to the ki-
FIG. 4. Trenches Jum high and 0.6um wide after different metal deposi- netics of Eq.(2) at 150 °C(423 K).

tion times. Conformal deposition is evident at 50 s. The inception of super- Conservation of the preadsorbed iodine catalyst during
conformal filling at the bottom corners is visible at 150 s. Formation of the - .

overfill bump over the superconformally filled features has occurred by 42630pper deposmon is ensured Iocally by

s. Deposition temperature of 150 °C and initial iodine coverage of 1.3 de

X 10~ mol/cn? (corresponding t@y~0.05) based on 30 s exposure to the — =kv#, (5)
CH,l, precursor vapor like in Fig. 1. The barrier layer and copper seed layer dt

are 30 and 25 nm thick, respectively.

(nm/s, (4)

which accounts for the change in coverage caused by the
change in area, with the rate of local area change being equal
to the local curvaturec times the normal velocity. Con-
v(6,T)=(1-0)v(0,T)+ v (1) @) sumption of the catalyst, e.g., through incorporation into the
for 6:[0,1] with the temperature dependent deposition ratesleposit, is reported to be negligible for iodine-catalyzed cop-
on uncatalyzed and fully catalyzed surface,T) and per CVD"® and is therefore ignored here.

v(1,T), respectively. Catalyst coverage beyofrd 1 is pre- A string model was used to track the moving interface
sumed to lead to no further increase of the deposition rateand the local catalyst coverage according to E4sand(5),

The deposition rate versus iodine coverage relationship aespectively! A code that used the sum of both principal
150°C curvatures of the three-dimensioriaD) surface was used to
model filling of the vias. Depletion of the metal and catalyst

v(6,150°0~0.1+76 (nm/s, @ precursors within the feature was ignored in the simulations.
can be extracted from Fig(ld. The expression, Failure to fill superconformally in the predictions is indicated
769 by the formation of a seam, characteristic of conformal
v1(6,T)=(1—6)1.55x 10 exp( - ?8) +605.6 growth!! rather than by a void within the featute.
¥ 10° exd — 300 (nm/s 3) B. Simulations of feature filling and comparison
T ' to experiment
with T:(373,573 K, was used in earlier modelinfgEquation lodine coverage on the free surface is presumed to be

(3) is based on experimental data from Ref. 6. It predictszero in the model, as intended by the “soft” plasma process-
deposition rates that are within a factor of 2 of those obtainedihg, and manifests itself in the minimal deposition on those
here. Therefore a modified version of E®), with a tem-  surfaces in the experimentgigs. 3 and 4 Figure 6 shows

perature dependence similar to that in Eg), i.e., predictions obtained using conditions that correspond to the
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FIG. 6. Predicted fill contours and times for deposition in an high, 250
nm wide via for filling at 120 °C and iodine coverage of %.80"** mol/
cn? (corresponding t@,=0.05) for comparison to Fig. 3. The sidewalls are Trench 4 170C
predicted to impinge between 239 and 245 s, and manifesting as a sudden AR=3.5
apparent increase in upward velocity of the bottom surface.
1.0 pm a3
s
via filling experiment in Fig. 3. Consistent with the experi-
mental results, bottom-up deposition is evident for the aspect
ratio of 4 via at 120 °C. However, sidewall impingement at 228
between 239 and 245 s prevents its completion. Both the s
predicted bottom-up filing and the acceleration of the side-
walls are induced by the CEAC mechanigine., a change in 0.5 um
local catalyst coverage induced by a change in)arkds 198s.
unclear whether experiment and predictions match toward
the completion of filling, specifically, whether there is a void
toward the top of the vigFig. 3 at 300 § as predicted by the L
simulation in Fig. 6. b - l48s
Figure 7 shows predictions obtained for the trench filling ( ) \_/
experiment in Fig. 4. Superconformal filling of the 1.3 aspect 0 um L .
-0.3 um 0.3 pm

Trench, %SOC

765s
1.0 pum

\\—/{ 636s
0.5 um f 533s
-364s

0 um L 4

-0.3 um 0.3 um

FIG. 7. Predicted fill contours and times for deposition in @ high, 600
nm wide trench for filling at 150 °C and iodine coverage of 1% !

mol/cn? (corresponding ta,=0.05) for comparison to Fig. 4.

FIG. 8. Predicted fill contours and times f@ deposition in a trench with
aspect ratio 3 filling at 150 °C ang) deposition in a trench with aspect
ratio 3.5 filling at 170 °C. In the second case the sidewalls impinge235

s, resulting in seam formation in the upper portion of the trench. Both
simulations are for 1um high trenches with iodine coverage of 1.3
x 10~ mol/cn? (corresponding ta@,=0.05) for comparison to Fig. 5.

ratio trench is predicted for the 150 °C deposition tempera-
ture, in agreement with the experimental resalthough fill-

ing takes significantly less time than predigtethe simula-
tions capture the inception of superconformal filling at the
bottom corner$150 9 and the overfill bum@420 9. Figure

8 shows simulations of the trench filling experiments in Fig.
5. Consistent with the experimental results, fill is predicted
for 150 °C and an aspect ratio of 3 while failure is predicted
for 170 °C and an aspect ratio of 3.5. The overfill bump at
the far left and the three-quarter filled trench in the middle
show the variability in fill times at 150 °CFig. 5a)]. A void

that extends farther down the trench than the seam would be
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predicted by a code that included depletfofor the feature presented here, the presence of the adsorbed iodine acceler-

filled at 170 °C. ates this process; a supposition further supported by experi-
mental results similar to those described here for iodine-
IV. CONCLUSIONS catalyzed copper CVD using a differehfagCu based

A model based on the curvature enhanced acceleratd¥ €CUSO" specificallyhfac)Cu(3,3-dimethyl-1-butene'®

coverage mechanism was used to describe superconformal _ _

fillina of fine features during iodine-catalvzed chemical va- H. Parket al, Proceedings of The IEEE 2001 International Technology
g 5 g ) Yy : Conference, 4—6 June 2001, Burlingame, CA, pp. 12-14.

por deposition. The CEAC mechanism has previously beerts. G. Pyo, W. S. Min, H. D. Kim, S. Kim, T. K. Lee, S. K. Park, and H.

used to understand superconformal filling of trenches and C. Sohn, inAdvanced Metallization Conference (AMC, 2001), Montreal,

vias durina the electrodeposition of both co élrs and Canada, October 911 2001(MRS, Warrendale, PA, 20()2pp. 209-214.
14_16g P dﬁ 3D. Josell, D. Wheeler, and T. P. Moffat, Electrochem. Solid-State Bett.

silver: _ C44(2002.
The CEAC based model successfully predicted whether'k.-c. shim, H.-B. Lee, O.-K. Kwon, H.-S. Park, W. Koh, and S.-W. Kang,
trenches filled superconformally. Kinetic parameters for J- Electrochem. Sod49 G109(2002. _
modeling were obtained from independent studies of deposi, £ S+ Hwang and J. Lee, Electrochem. Solid-State [3:1.38 (2000.
. E. S. Hwang and J. Lee, Chem. Mat&®, 2076(2000.
tion on planar _substr_ates. The CEAC based_model accuratelyp, . citrin, P. Eisenberger, and R. C. Hewitt, Phys. Rev. 148t.1948
predicted the inception of superconformal filling at the bot- (1980.
tom corners of the trenches, whether superconformal fiIIingB(BiQ%QCenzo, G. K. Wertheim, and D. N. E. Buchanan, Surf. $2i, 411
occurred, a_nd_ the development of a bump over the f|IIeng. V. Andryushechkin, R. E. Baranovsky,
trenches. Fill times were not as accurately pred|ct.ed. Surf. Sci.488, L541 (2001.
Superconformal CVD by the CEAC mechanism need's. G. Pyo, W. S. Min, and S. B. Kirfto be publisheg
not be limited to coppe(a conclusion also reached by other 1T, P. Moffat, D. Wheeler, W. H. Huber, and D. Josell, Electrochem. Solid-
. . State Lett.4, C26(2009.
author$). Thls.gener.allty has already been demqnstrated forp Josell, D. Wheeler. W, H. Huber, and T. P. Moffat, Phys. Rev. 8.
electrodeposition with superconformal deposition demon- 016102(2002.
strated with both copper and silvVEr.2® The only conditions ~ *°D. Josell, D. Wheeler, W. H. Huber, J. E. Bonevich, and T. P. Moffat, J.

that must be met for superconformal filling by CVD to occur ,,Fléctrochem. Socl4g C767(2003.
T. P. Moffatet al, J. Electrochem. Sod.49, C423(2002.

are that(1) the rat_e limiting step in th? CVD processes oc- 15D, Josell, B. Baker, C. Witt, D. Wheeler, and T. P. Moffat, J. Electrochem.

curs on the deposit surfac¢eather than in the vappand(2) Soc.149, C637(2002.

the adsorbed catalytic surfactant is not consuifoeds con-  '°B. C. Baker, M. Freeman, B. Melnick, D. Wheeler, D. Josell, and T. P.
; i Moffat, J. Electrochem. Socto be published

sumed very Sl?WIyln the depOSItIOII‘I pl’(l)CeSSH FO.I‘ tr:edcasﬁf OI(17G. L. Griffin and A. W. Maverick, inThe Chemistry of Metal CVI2dited

qopper C_VD rom precursor molecules t atlln.c_u € ag: by T. Kodas and M. Hampden-SmitiCH, New York, 1994, pp. 175-

ligands), it has been suggested that the rate limiting step is 238; see in particular, Secs. 4.3.5 and 4.4, and appropriate references

the removal and/or desorption of the hfac ligand, possibly, therein. . _ _ _

through a disproportionation process that coverts two ad- M J: Hampden-Smith and T. T. Kodas, in Ref. 17, see in particular, Sec.

. 5.6.2, and appropriate references therein.
sorbed Cthfag) to one Cuihfag), that volatilizes and a Cu 19y 1 |ee, B. S. Seo, I. J. Byun, Y. G. Ko, J. Y. Kim, J. G. Lee, and E. G.

that remains as the metal depd<it® Based on the results  Lee, J. Korean Phys. Sod0, 107 (2002.
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